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Abstract In the present work, thermal evaporation and
sol–gel coating techniques were applied to fabricate
nanostructured thin ZnO ﬁlms. The phase structure and
surface morphology of the obtained ﬁlms were investigated
by X-ray diffractometer (XRD) and scanning electron
microscope (SEM), respectively. The topography and 2D
proﬁle of the thin ZnO ﬁlms prepared by both techniques
were studied by optical proﬁler. The results revealed that
the thermally evaporated thin ﬁlm has a comparatively
smoother surface of hexagonal wurtzite structure with
grain size 12 nm and 51 m
2/g. On the other hand, sol–gel
ﬁlms exhibited rough surface with a strong preferred ori-
entation of 25 nm grain size and 27 m
2/g surface area.
Following deposition process, the obtained ﬁlms were
applied for the photodegradation of 2,4,6-trichlorophenol
(TCP) in water in presence of UV irradiation. The con-
centrations of TCP and its intermediates produced in the
solution during the photodegradation were determined
by high performance liquid chromatography (HPLC) at
deﬁned irradiation times. Complete decay of TCP and its
intermediates was observed after 60 min when the ther-
mal evaporated photocatalyst was applied. However, by
operating sol–gel catalyst, the concentration of intermedi-
ates initially increased and then remained constant with
irradiation time. Although the degradation of TCP followed
ﬁrst-order kinetic for both catalysts, higher photocatalytic
activity was exhibited by the thermally evaporated ZnO
thin ﬁlm in comparison with sol–gel one.
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Introduction
In last decades, the presence of harmful organic com-
pounds in water supplies and in the discharge of waste-
water from chemical industries, power plants, landﬁlls, and
agricultural sources is a topic of global concern. Because of
their high toxicity and their persistence, phenols and
chlorinated phenols specially pentachlorophenol and tri-
chlorophenols (2,4,5-TCP and 2,4,6-TCP) are widespread
pollutants of industrial wastewaters and natural waters
[1–4]. Thus, the removal of these pollutants is necessary as
they contain micro impurities of polychlorinated dibenzo-
dioxines dibenzofurans which are the most toxic of
xenobiotics. Besides, chlorophenols can be transformed
into more toxic compounds under the action of natural
factors [5–7].
In recent years, unique chemistry of semiconductor
photocatalysts is being extensively used for a variety of
applications. Heterogeneous photocatalysis performed with
irradiated semiconductor dispersions is one of the more
interesting advanced oxidation process treatments and it is
able, in most cases, to completely mineralize the organic
harmful species [8]. Hence, one of the major advantages of
photocatalytic process over the existing technologies is that
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methods. The overall process can be summarized by the
following reaction: Organic pollutants ? O2 ? CO2 ?
H2O ? mineral acid.
The advanced oxidation process depends on the pro-
duction of highly reactive hydroxyl radicals (OH
•) which
can actively oxidize organic pollutants to minerals. Pho-
tocatalytic degradation as one of the advanced oxidation
processes is based on the application of ultraviolet light in
the presence of a photocatalyst. Such processes are being
increasingly utilized because of simplicity, low cost, ease
of controlling parameters and their high efﬁciency in
degrading recalcitrant organic and inorganic substances in
aqueous systems [9].
ZnO, as a wide-band gap semiconductor, has recently
become a new research focus in the ﬁeld of photocon-
version applications due to its high surface reactivity
[10]. ZnO can be used in different forms, like single
crystals, sintered pellets and thin ﬁlms. However, thin
ﬁlms have exhibited a wide variety of applications in
environmental engineering, catalysis and gas sensor sys-
tems because they can be fabricated in small dimensions,
at large scale and low cost and are widely compatible
with microelectronics technology [11]. Thus, thin ﬁlm
photocatalysts with their high photocatalytic ability, high
stability, convenient reuse, have received more and more
attention [12–14].
ZnO thin ﬁlms have been grown by different methods
including chemical vapor deposition (CVD), magne-
tron sputtering, spray pyrolysis, pulsed laser deposition,
chemical beam deposition, and evaporation [15–21].
However, the evaporating method is perhaps the cleanest
of the entire nanoceramic synthesis route in a well-con-
trolled atmosphere within a work chamber. On the other
hand, the need to evaporate in a low-pressure environ-
ment translated directly to work chamber. Thermal
evaporation is relatively simple and a low-cost technique
that can be applied to low melting point, low decompo-
sition, or low sublimation point oxides [22]. However,
this technique has received very little attention from
research groups.
The sol–gel process, as a simple and easy dip-coating
means, is one of the versatile methods to prepare thin ﬁlm-
supported nano-sized particles without complicated instru-
ments [23]. It has been well-demonstrated that the sol–gel
method has considerable advantages of uniform mixing of
the starting materials and good chemical homogeneity of
the product. Therefore, sol–gel methods are very conve-
nient for the preparation of thin ﬁlms of high surface area
amorphous oxide materials [24].
Among the semiconductors, ZnO is distinguished by its
absorption over a larger fraction of the UV spectrum and
the corresponding threshold of ZnO is 425 nm. Therefore,
ZnO photocatalyst is considered the most suitable for
photocatalytic degradation in the presence of sunlight [25].
Thus, in the present work, we have paid much attention in
preparing thin ﬁlms of ZnO on glass plates by a sol–gel
process and thermal evaporation technique. The photocat-
alytic activities of the prepared catalysts were examined for
the degradation of 2,4,6-TCP. The formed intermediates
were determined and the degradation mechanism was
discussed.
Experimental Work
ZnO Thin Films by Thermal Evaporation
Thin ﬁlms of Zn were thermally grown onto glass sub-
strates of 15 cm
2 area and 1 mm thickness under vacuum
of 10
25 Torr, using multipurpose vacuum station (sput-
tering unit) VUP-5M. The growth rate and thickness were
measured during growth using a crystal oscillator thickness
monitor. The growth rate was adjusted to be as low as
10 nm s
21 to avoid differential evaporation of the metal.
Thermal oxidation of Zn ﬁlms using Naber therm Furnace
was carried out at 550  C for 2 h, in order to grow thin zinc
oxide ﬁlms on the glass substrate. Zn metal with high
purity (99.9%) was used as a target and microscopic glass
slide was used as a substrate.
ZnO Thin Film by Sol–Gel Method
Zinc acetate was dissolved in 2-propanol under vigorous
stirring at 50–60  C. Similarly sodium hydroxide was
dissolved in 2-propanol at the same temperature under
constant stirring. The zinc acetate–isopropanol solution
was kept at 0  C, then NaOH solution was added quickly
under continuous stirring. The zinc oxide colloid was quite
stable and no precipitate was observed. To prepare the ﬁlm
from this colloidal ZnO sol, glass plates of 15 cm
2 area and
1 mm thickness 15 cm
2 area and 1 mm thickness were
dipped in the colloid slowly then taken out with the same
speed and dried in air. The dipping process was repeated
for 6 times. The dried ﬁlms were ﬁnally calcined at 550  C
for 2 h.
Characterization of the Prepared ZnO Thin Film
The phase structure of ZnO ﬁlms were identiﬁed by a
Brucker D8-advance X-ray diffractometer with Cu Ka
radiation (k = 1.5418 A ˚). The surface morphology and
chemical composition of ZnO ﬁlms were studied using a
scanning electron microscopy (JEOL-JSM-5410) equipped
with energy depressive X-ray (EDX-Oxford). The topog-
raphy and 2D proﬁle of the thin ZnO ﬁlms prepared by
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  NT Series
optical proﬁler (Veeco Instruments, Inc.). Surface areas
were recorded using Nova 2000 series based on the well-
known Brunauer, Emmett and Teller (B.E.T.) theory.
Photocatalytic Degradation of TCP
An aliquot of 500 cc of an aqueous solution containing
100 ppm of high purity 2,4,6-TCP was subjected to UV
irradiation using a 6 W lamp at a wavelength of 254 nm.
All photodegradation experiments were conducted in a
batch reactor. The UV lamp was placed in a cooling
silica jacket and placed in a jar containing the polluted
water. The catalyst sheet was supported in the solution
with a glass holder at a controlled reaction temperature of
25  C during the experimental period. Because photo-
corrosion of ZnO frequently occurs with the illumination
of UV light and this phenomenon is considered one of
the main reasons for the decrease in ZnO photocatalytic
activity in aqueous solutions. Thus, the photocatalytic
experiments were carried out at pH 6 to ensure the
highest inherent stability of catalyst [26]. At different
Fig. 1 SEM micrographs of
ZnO thin ﬁlms prepared by
a Thermal evaporation and
b sol–gel
Fig. 2 XRD analysis of ZnO thin ﬁlms prepared by a thermal
evaporation and b sol–gel
Fig. 3 EDX analysis of ZnO thin ﬁlms prepared by a thermal
evaporation and b sol–gel
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123Fig. 4 Surface proﬁle scans of ZnO thin ﬁlms prepared by a thermal evaporation and b sol–gel
Fig. 5 Photocatalytic degradation of TCP using ZnO thin ﬁlm
catalyst prepared by thermal evaporation and sol–gel techniques Fig. 6 Variation of [Cl
-1] in polluted water with the irradiation time
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123irradiation time intervals, samples of the irradiated water
were withdrawn for analysis using an HPLC chromato-
graph with photo-diode-array UV detector and a C18
column. The mobile phase was acetonitrile/water (60:40)
injected in a rate of 1.0 mL min
-1. Dionex 202 TP
TM
C18 column (4.6 9 250) with eluent consisted of a
60:40 acetonitrile: water mixture and the ﬂow rate was
1 mL min
-1. Ione chromatography (Dionex-pac) and UV
detector were applied to determine the concentration of
intermediates and chloride ions produced in the solution
during the photodegradation.
Results and Discussion
The Characterization of ZnO Films
Thin ﬁlms of Zn metal were thermally grown onto glass
sheets and calcined in air at 550  C for 2 h. On the other
hand, ZnO thin ﬁlm was deposited on glass sheet with same
area by sol–gel and calcined under same conditions. The
scanning electron micrographs of both ﬁlms depicting the
topography are shown in Fig. 1. For the thermally depos-
ited ﬁlms (Fig. 1a), it can be seen that the oxide consists of
very thin and light long nano-ﬁbers exhibiting all possible
orientations, together with extremely small grains. In
contrast to the evaporated ﬁlms, the sol–gel ﬁlms revealed
the presence of nanometer size clusters (Fig. 1b). The ﬁlm
surface is well-covered without any pinholes and cracks.
Such surface morphology with nanosized grains may offer
increased surface area. Below, the measurement of crys-
tallite size can be described.
The structural properties of ZnO thin ﬁlms deposited by
both techniques were studied by XRD and EDX analysis
(Figs. 2, 3). The X-ray diffraction patterns of thin ﬁlms
deposited by sol–gel shows only 002 peak indicating the
strong preferred orientation; the c-axis of the grains are
uniformly perpendicular to the substrate surface. The sur-
face energy density of the 002 orientation is the lowest in a
ZnO crystal [27]. Grains with lower surface energy will
become larger as the ﬁlm grows. Then, the growth orien-
tation develops into one crystallographic direction of the
lowest surface energy. This means that 002 texture of the
ﬁlm may easily form. On the other hand, for the ﬁlms
deposited by thermal evaporation, three strongest XRD
peaks for ZnO were detected with Miller indices (100),
(002), and (101) corresponding to Bragg angles 31.8, 34.5,
and 36.48, respectively. The diffraction peaks were indexed
to the hexagonal wurtzite structure (space group P63mc)
and the d-values calculated are in good agreement with
JCPDS no. 75-1526. Besides, EDX analysis conﬁrmed the
high purity of both ﬁlms (Fig. 3).
The crystallite size (t) was estimated for both the types
of ﬁlms by Scherrer formula using the full-width at half
maximum of the peaks corresponding to the planes (110),
(002), and (101):
t ¼
0:9k
BcosðhBÞ
ð1Þ
where k is Cu (Ka) wave length, B is the broadening of the
full-width at half maximum (F.W.H.M) and hBis the
Bragg’s angle. The crystallite size for the ﬁlm obtained by
thermal evaporated was estimated to be about 12 nm, while
the crystallite size grown by sol–gel in the c-axis direction
was in the range of 25 nm. Thus, the thermally evaporated
ﬁlm has larger surface area (51 m
2/g) as compared to those
Fig. 7 Dark adsorption of TCP on ZnO thin ﬁlm catalyst prepared by
thermal evaporation and sol–gel techniques
Fig. 8 Kinetics of TCP photocatalytic degradation using ZnO thin
ﬁlm catalyst prepared by thermal evaporation and sol–gel techniques
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123prepared using sol–gel (27 m
2/g), which in turn affects the
catalytic activity. Figure 4 illustrates the topographical
image and 2D proﬁle of the thin ZnO ﬁlms prepared by
both techniques. From the scans, it is clear that the thermal
evaporated ﬁlm has a comparatively smoother surface. The
root mean square surface roughness was found to be 10 nm
for the thermal evaporated ﬁlms, while the roughness of
sol–gel ﬁlm was 30 nm.
TCP Degradation
ZnO thin ﬁlms deposited by both techniques were applied
for the photodegradation of 2,4,6-TCP in water. Figure 5
represents the decay of TCP with the irradiation time.
Using the thermally deposited catalyst, TCP considerably
degrades with time and the concentration is reduced to
4.6 ppm within 60 min from the initial concentration
100 ppm, whereas using the sol–gel catalyst, TCP decayed
to 19.3 ppm. This indicates that the thermally deposited
thin ﬁlm photocatalyst is more efﬁcient in TCP removal
than the sol–gel one. This catalytic activity difference can
be explained not only on basis of grain size measurements
but also on the basis of the obtained results in terms of the
chloride evolution as a function of irradiation time for both
catalysts (Fig. 6). Evidently, chloride evolution, resulting
from TCP degradation, is greater in case of sol–gel catalyst
(14 ppm) than in the thermally deposited one (4 ppm). This
higher chloride concentration probably inhibits further
reactions of the adsorbed TCP molecules on sol–gel ﬁlms
causing the catalyst poisoning and decrease the catalytic
Fig. 9 Scheme for the
photocatalytic degradation of
TCP using ZnO thin ﬁlm
prepared by a thermal
evaporation and b sol–gel
techniques
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123efﬁciency. In the same time, the dark adsorption of TCP on
the ZnO ﬁlms prepared by both thermal and sol–gel
methods were studied (Fig. 7). Larger dark adsorption was
observed for TCP on the thermally deposited ZnO ﬁlms
than sol–gel, explaining the higher rate of TCP degradation
on the former catalyst. The degree of adsorption seems to
correlate to the observed photodegradation rates. Figure 8
illustrates a plot of ln (a–x) against irradiation time of TCP.
It can be seen that the concentration in log scale changes
linearly with time indicating that the photodegradation of
TCP follows the ﬁrst-order kinetics. The rate constants
(kTCP) calculated from the slopes of the kinetic plot for the
degradation reaction on thermally deposited and sol–gel
catalysts are 0.0455 and 0.0272 min
-1, respectively. It can
be concluded that the rapid degradation on the thermally
deposited catalyst is likely due three reasons including:
(a) the higher adsorption of TCP on the ﬁlm surface which
facilitates the degradation, (b) the lower chloride evolution
and hence no poisoning of catalyst, (c) lower grain size and
larger surface area of thermally evaporated ﬁlms which
improves the catalytic activity.
To investigate the degradation mechanism, the inter-
mediate products during TCP degradation on both
catalysts were determined by HPLC. The obtained ana-
lyzed data allowed the qualitative and quantitative
identiﬁcation of these intermediates is demonstrated in
scheme a, b in Fig. 9. Therefore, Fig. 10 shows the var-
iation of intermediates concentration formed during TCP
degradation on sol–gel ZnO ﬁlms. It is obvious that the
concentration of a major compound increases with irra-
diation time reaching 18.0 ppm at 40 min and then
remains constant with a further increase of irradiation
time. This intermediate is formed from TCP via dechlo-
rination to trichlorodihydroxybenzene (compound II in
scheme a). A second intermediate covering most of
the irradiation run (10–60 min) with a concentration of
almost 5.0 ppm. As indicated by HPLC, this compound is
most probably chlorocatechol. A third intermediate appe-
ared with a concentration increasing linearly from the
beginning as a function of irradiation time. On the sol–gel
catalyst, hydroquinone and benzoquinone do not appear as
a photointermediate products using ZnO prepared via
thermal evaporation technique (Fig. 11). However, none
of the three intermediates identiﬁed exhibited a tendency
of declining with increasing the irradiation time, which
may explain the lower activity of this sol–gel prepared
catalyst.
Notably, during the photodegradation of TCP, most of
the intermediates corresponds to the substitution in the Para
or Ortho positions of the phenol ring while higher con-
centration of the intermediates was observed of Para
substituted position in case of the sol–gel. This indicates to
the preferable attach of Para position. The
•OH substitution
removes chloride bond of the ring leads to the formation of
benzoquinone (BQ) and hydroquinone in the case of ther-
mal evaporation [28]. Dihydroxychlorobenzene as a major
intermediate using sol–gel catalyst is formed due to its high
activity in the dechlorination (C–Cl cleavage). This inter-
mediate is not formed using thermal evaporation due to its
high activity in the destruction of the benzene ring rather
than C–Cl bond i.e., different methods of preparation leads
to different pathway for the degradation.
Fig. 10 Formation of trichlorodihydroxybenzene (TCDHB), chloro-
trihydroxybenzene (CTHB), and benzoquinone (BQ) during the
photocatalytic degradation of TCP using ZnO thin ﬁlm prepared via
sol–gel technique
Fig. 11 Formation of dihydroxytrichlorobenzene (DHTB), 3,5
dichlorocatecol (3,5DCC), dichlorobenzoquinone (DCBQ), benzo-
quinone (BQ), and hydroquinone (HQ) during TCP photodegradation
using thermal evaporated ZnO catalyst
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123Conclusions
– Thermal evaporation and sol–gel techniques were
applied for the fabrication of nanostructured ZnO thin
ﬁlms.
– Thermal evaporated ﬁlms have less surface roughness
and lower grain size in comparison with sol–gel ﬁlms
calcined at same conditions.
– XRD analysis for both catalysts indicated to the strong
preferred orientation of sol–gel ZnO thin ﬁlms and the
hexagonal wurtzite structure of thermal evaporated
ﬁlms.
– The degradation of TCP followed ﬁrst-order kinetics
for both catalysts. However, the thermally deposited
thin ﬁlm photocatalyst is more efﬁcient in TCP removal
than the sol–gel one because of less grain size (or
higher surface area) and less chloride evolution which
causes the catalyst poisoning.
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